Background. In 2005, maximum safe surgical resection, followed by radiotherapy with concomitant temozolomide (TMZ), followed by adjuvant TMZ became the standard of care for glioblastoma (GBM). Furthermore, a modest, but meaningful, population-based survival improvement for GBM patients occurred in the US between 1999 (when TMZ was first introduced) and 2008. We hypothesized that TMZ usage explained this GBM survival improvement. Methods. We used national Veterans Health Administration (VHA) databases to construct a cohort of GBM patients, with detailed treatment information, diagnosed 1997 -2008 (n ¼ 1645). We compared survival across 3 periods of diagnosis (1997 -2000, 2001 -2004, and 2005 -2008) using Kaplan -Meier curves. We used proportional hazards models to calculate period hazard rate ratios (HRs) and 95% confidence intervals (CIs), adjusted for demographic, clinical, and treatment covariates. Results. Survival increased over calendar time (stratified log-rank P , .0001). After adjusting for age and Charlson comorbidity score, for cases diagnosed in 2005 -2008 versus 1997 -2000, the HR was 0.72 (95% CI, 0.64 -0.82; p-trend , .0001). Sequentially adding non-TMZ treatment variables (ie, surgery, radiotherapy, non-TMZ chemotherapy) to the model did not change this result. However, adding TMZ to the model containing age, Charlson comorbidity score, and all non-TMZ treatments eliminated the period effect entirely (HR ¼ 1.01; 95% CI, 0.86 -1.19; p-trend ¼ 0.84).
I
n 1999, the US Food and Drug Administration approved the alkylating agent temozolomide (TMZ) for the treatment of recurrent anaplastic astrocytoma. 1 Between 1999 and 2005, off-label use of TMZ for treatment of glioblastoma multiforme (GBM) became increasingly widespread, 2 -6 culminating in the adoption in 2005 of maximum safe surgical resection, followed by radiotherapy with concomitant TMZ, followed by adjuvant TMZ as the new standard of care. 7 This treatment advance was based on a landmark phase III trial in which patients with newly diagnosed, microscopically confirmed GBM were randomized to receive radiotherapy alone or radiotherapy plus concomitant and adjuvant TMZ. 8 Median survival was 12.1 months in the group that received radiotherapy alone compared with 14.6 months in the group that received radiotherapy plus TMZ.
However, efficacy in a clinical trial does not guarantee effectiveness in the general population. Using GBM cases diagnosed between 1993 and 2007 in the Surveillance, Epidemiology and End Results (SEER) Program database, we previously demonstrated a modest, but meaningful, population-based survival improvement for GBM patients in the US that began in 1999 -2001 and continued through 2005 -2007 . 9 Others have also utilized SEER to demonstrate this survival improvement.
Although we showed a close ecologic association between increasing TMZ usage and improved survival, 9 we were unable to directly test the hypothesis that TMZ usage explained the improved survival because SEER does not include information on chemotherapy treatment. We proposed that the rising TMZ usage in 1999 -2007 was the most likely explanation for the survival improvement, but we could not rule out the possibility that other treatment advances, such as greater extent of surgical resection 13 -17 or more aggressive treatment of recurrent disease, 18, 19 also contributed. In the current study, we constructed a cohort of patients diagnosed with GBM between 1997 and 2008, including detailed treatment and follow-up information, based on national Veterans Health Administration (VHA) databases. We utilized this cohort to directly test the hypothesis that TMZ usage explained the GBM survival improvement observed during this period.
Materials and Methods

Study Population
All cancer cases diagnosed or treated at VHA medical centers are reported to the Veterans Affairs Central Cancer Registry (VACCR). We obtained the VACCR records for all glioma cases We used each VHA patient's unique identifier to link our VACCR glioma cohort with data from other VHA national databases, including pharmacy, inpatient and outpatient encounters (at VHA facilities and at non-VHA facilities when paid for by the VHA), and the diagnosis and procedure codes associated with the encounters.
The current study included microscopically confirmed GBM cases diagnosed between 1997 and 2008. We defined GBM as ICD-O-3 morphology codes 9440-9442 in combination with ICD-O-3 topography code C71 (brain). We excluded 11 cases diagnosed by autopsy only and 17 cases with insufficient treatment information. In addition to its standard coded variables, the VACCR database includes text fields describing pathology, surgery, radiation therapy, chemotherapy, and diagnostic procedures. We required that cases be coded as microscopically confirmed in the VACCR diagnostic confirmation field or that microscopic confirmation be clearly indicated in the pathology text field. We also required that the VACCR surgical diagnostic procedure field, VACCR surgical treatment field, VACCR surgery text field, or procedure codes associated with inpatient or outpatient encounters indicate that a biopsy was performed.
We assumed the VACCR morphology field was correct unless review of the pathology text field indicated otherwise. Through this review, we determined 14 cases to have been miscoded as GBM. The pathology text field for these cases indicated "anaplastic astrocytoma," "lowgrade glioma," "glioblastoma grade II," "astrocytic neoplasm with no necrosis seen," or "WHO grade III." Furthermore, we reclassified 65 cases coded in the registry as non-GBM gliomas to be GBM. Most of the pathology text fields for these cases indicated "glioblastoma" or "astrocytoma, grade IV." Some text fields indicated highgrade or malignant glioma or astrocytoma with necrosis and/or endothelial/vascular proliferation, which are pathognomonic for GBM. 21 Our final GBM cohort included 1645 cases. This study was approved by institutional review boards at the VA Connecticut Healthcare System and Yale School of Medicine. The study was granted a waiver of informed consent.
Variables
For all variables, coders were blind to the outcome (survival). For each subject, we compared information on sex, date of birth, race/ethnicity, and marital status from the VACCR, inpatient encounter, and outpatient encounter records. The few discrepancies among data sources were resolved using the best available evidence. For example, if sex was coded as male in the VACCR record but as female in most or all inpatient and outpatient encounter records, we considered the sex to be female; if Hispanic ethnicity was coded as unknown in the VACCR record but as Hispanic in inpatient or outpatient encounter records, we considered the ethnicity to be Hispanic.
We obtained the following sociodemographic variables from the VACCR: Veterans Integrated Service Network (VISN) of the reporting VHA medical center (the VHA is organized into 21 geographically based VISNs); primary payer at diagnosis; and diagnosis/treatment facility, which indicates whether diagnosis and/or first course of treatment took place at the reporting VHA medical center or elsewhere. We obtained data on individual annual income from the inpatient encounter closest within 1 year of the GBM date of diagnosis. Income was converted to 2008 dollars using Consumer Price Index conversion factors. 22 We used two measures of comorbidity. We obtained "service-connected disability" (determined to help establish eligibility for VHA benefits and measured as a percentage in 10% increments) from inpatient and outpatient encounter records, selecting the value recorded closest in time to the date of GBM diagnosis, but restricted to the year prior to diagnosis. If no such value was recorded, we allowed a value within 30 days after the date of diagnosis. We calculated a Charlson comorbidity score 23, 24 from International Classification of Diseases, 9th revision 25 (ICD-9) diagnosis codes recorded in inpatient and outpatient encounter records ranging from 2 years before to 30 days after the GBM date of diagnosis. The following diagnoses (as determined by ICD-9 codes) are included in the score: myocardial infarction, congestive heart failure, peripheral vascular disease, cerebrovascular disease, dementia, chronic pulmonary disease, rheumatologic disease, peptic ulcer disease, mild liver disease, and diabetes (1 point each); diabetes with chronic complications, hemiplegia or paraplegia, renal disease, and any malignancy (2 points each); moderate or severe liver disease (3 points); and metastatic solid tumors and AIDS (6 points each).
We required that a comorbid condition be recorded in 1 inpatient encounter or in at least 2 outpatient encounters on 2 different days. We completely excluded from the index calculation ICD-9 code 191 (malignant neoplasm of brain), as well as comorbid conditions recorded during the period 90 days before to 30 days after the GBM date of diagnosis that might have been caused by or confused with GBM (ie, dementia, cerebrovascular disease, hemiplegia or paraplegia, and secondary malignant neoplasms of brain and spinal cord).
We obtained data on treatment (surgery, radiotherapy, and chemotherapy) from a variety of data sources. We obtained type and date of surgery, radiotherapy (yes/no), and radiotherapy dates from the VACCR (both coded variables and text fields) and from ICD-9 procedure codes and Current Procedural Terminology 26 codes recorded in inpatient and outpatient encounter records. We determined extent of resection from VACCR codes and the VACCR surgery text field. This variable was primarily based on the surgeon's impression as determined from the operative report, but in some instances was based on the postoperative MRI report. We obtained type and dates of chemotherapy mainly from the pharmacy database but also utilized VACCR coded variables and text fields.
To reconcile differences among the various data sources, we utilized the best available evidence based on decision rules for each treatment variable. For example, if the VACCR code indicated no resection, but procedure codes indicated a resection, we coded the subject as having had a resection. This could occur if the reporting facility was not the treatment facility. Similarly, if the VACCR code indicated radiotherapy but there were no radiotherapy procedure codes, we coded the subject as having received radiotherapy. This could occur if radiotherapy was performed by an outside facility and was not paid for by the VHA, but by Medicare, for example.
We defined date of GBM diagnosis as the earliest surgery date at which a microscopic diagnosis was made. We calculated age at diagnosis from the date of birth and date of diagnosis. The VACCR includes data on vital status and date of death or last contact. We updated these dates through September 2011 by linkage with the national VHA vital status database.
Available records did not allow us to determine the date of GBM recurrence, so we were unable to directly distinguish between first course chemotherapy and chemotherapy administered for recurrent disease. Instead, we defined chemotherapy as first course if it was the initial course administered and was started ,6 months after diagnosis or ,4 months after the end date of radiotherapy. All other chemotherapy was defined as later course. In distinguishing between first and later course, we took into consideration typical patterns of care. For example, within the first course time window, adjuvant TMZ administered following concomitant TMZ and radiotherapy was considered to be first course, but bevacizumab (now standard therapy for recurrence 27 ) administered after termination of TMZ, or TMZ administered after termination of carmustine (which occurred before TMZ became first course standard of care), was considered to be later course.
Statistical Analyses
The study endpoint was overall survival. We measured survival time as the time from the date of GBM diagnosis to the date of death or date of last contact. We categorized our primary predictor variable, calendar year of diagnosis, into 3 four-year periods: 1997 -2000, 2001 -2004, and 2005 -2008. We used SAS v9.2 for analyses. All statistical tests were 2-sided with a ¼ 0.05. We used PROC PHREG to estimate hazard rate ratios (HRs) and 95% confidence intervals (CIs) for death from Cox proportional hazards regression models. Multivariate Cox models included period of diagnosis (our primary predictor variable), age at diagnosis (≤39 y, 40-44, 45-49, . . . 80-84, 85+) and baseline Charlson comorbidity score (0, ≥1, unknown). We found no meaningful alteration in the period of diagnosis HRs adjusted for age and Charlson comorbidity score by further adjusting for sex, race/ethnicity (non-Hispanic White, Hispanic White, Black, other/unknown), marital status (married, single, divorced/separated, widowed, unknown), VISN of reporting facility, income ($0, quartiles of income .$0, unknown), primary payer (VA, other), diagnosis/treatment facility (4 categories: diagnosis and first course of treatment took place at the reporting VHA medical center [reporting/reporting], diagnosis took place at the reporting center/first course of treatment took place elsewhere [reporting/elsewhere], elsewhere/reporting, and elsewhere/elsewhere), and service-connected disability (percent, unknown), so these covariates were not included in the final multivariate models. We calculated a P-value for period of diagnosis trend (p-trend) by including period of diagnosis in the model as a single ordinal variable.
Treatment covariates in the multivariate models included surgery (biopsy only, partial resection, gross total resection, resection not otherwise specified), radiotherapy (yes, no, unknown), first course non-TMZ chemotherapy (yes, no, unknown), later course non-TMZ chemotherapy (yes, no, unknown), first course TMZ chemotherapy (yes, no, unknown), and later course TMZ chemotherapy (yes, no, unknown). In these analyses, we did not distinguish between concomitant and adjuvant first course TMZ. We modeled each treatment as a time-updated covariate, such that it held the value of 0 before the treatment start date, and the value of 1 on and after the start date. This allowed treatment effects (especially chemotherapy) not to be influenced by cases that did not receive treatments because patients did not live long enough.
We used PROC LIFETEST to generate Kaplan -Meier survival curves according to period of diagnosis and to calculate the percent of subjects alive at 1 year and 2 years (and 95% CIs), median survival (and interquartile range), and a log-rank test and stratified log-rank test (by age and baseline Charlson comorbidity score) of homogeneity across periods of diagnosis.
We performed Kaplan-Meier survival and Cox proportional hazards analyses both for the full cohort of 1645 cases and for a restricted cohort of 932 cases treated with resection and radiotherapy. Because patients in the restricted cohort were deemed eligible for these treatments by their physicians and were willing to (3) 18 (3) 11 (2) Age at diagnosis, y 25 -54 323 (20) 133 (26) 122 (21) 68 (13) ,.0001 55 -64 548 (33) 133 (26) 198 (34) 217 (40) 65 -74 441 (27) 155 (30) 135 (23) 151 (28) 75+ 333 (20) 97 (19) 131 (22) (10) 50 (10) 68 (12) 47 (9) Other/unknown 39 (2) 6 (1) 21 (4) 12 (2) Marital status Married 900 (55) 280 (54) 311 (53) 309 (57) .71
Single 175 (11) 61 (12) 59 (10) 55 (10) Divorced/separated 452 (27) 143 (28) 171 (29) 138 (26) Widowed 112 (7) 32 (6) 43 (7) 37 (7) Unknown undergo these treatments, they may be more homogeneous with respect to eligibility for and willingness to undergo TMZ chemotherapy, possibly lowering the potential impact of confounding by indication (ie, patients with a better prognosis were more likely to be treated with TMZ). 28 
Results
Of the 1645 cases in the cohort, 1618 (98.4%) died during the observation period. Table 1 shows baseline demographic and clinical characteristics of cases. Ninetyseven percent of cases were male. The majority of cases were between ages 55 and 74 years at diagnosis; age at diagnosis increased over calendar time due to the aging of the VHA population. More than four-fifths of cases were non-Hispanic White. Overall, more than a quarter of cases had service-connected disability and about half had a Charlson comorbidity score ≥1 (indicating at least one major comorbidity); these proportions increased over calendar time. Table 2 shows the treatment received by cases. One-quarter of cases had a biopsy, but no resection; this proportion increased over calendar time. About threequarters of cases received radiotherapy during the first course of treatment. Only 9% of cases received first course non-TMZ chemotherapy; this proportion decreased over calendar time, corresponding with the increased use of first course TMZ. About one-third of cases received first course TMZ; as expected, the proportion receiving first course TMZ increased over calendar time, from only 3% in 1997 -2000 to more than twothirds in 2005 -2008. In the restricted cohort of 932 cases treated with resection and radiotherapy, 46% received first course TMZ, with the proportion increasing from 5% in 1997 -2000 to 92% in 2005 -2008 (not  shown in table) .
Median time from diagnosis date to initiation of chemotherapy was 1.3 months for first course non-TMZ chemotherapy, 1.2 months for first course TMZ chemotherapy, 11.5 months for later course non-TMZ chemotherapy, and 11.2 months for later course TMZ chemotherapy (Table 2) . Eighty-three percent of the subjects receiving first course TMZ chemotherapy initiated chemotherapy concomitant with first course radiotherapy (not shown in table). More than 90% of the subjects receiving first course TMZ chemotherapy initiated chemotherapy within 16 weeks of diagnosis, as did 84% of subjects receiving first course non-TMZ chemotherapy (not shown in table). Figure 1 shows Kaplan-Meier survival plots according to period of diagnosis; associated survival statistics are shown in Table 3 . We observed survival to be superior among cases diagnosed Table 4 shows treatment effects on survival by treatment modality: surgery, radiotherapy, first course non-TMZ chemotherapy, and first course TMZ chemotherapy. HRs were generated from separate multivariate Cox models for each treatment modality, adjusting for period of diagnosis, age, and Charlson comorbidity score (but not for other treatment modalities). In the full cohort, the HRs for treatment with resection (compared with biopsy only), radiotherapy, and first course TMZ chemotherapy were each about 0.5 or less and highly statistically significant (each P , .0001). The HR for first course non-TMZ chemotherapy was 0.83 (P ¼ .036). For the restricted cohort of cases treated with resection and radiotherapy, the HR was 0.60 (P , .0001) for first course TMZ chemotherapy and 0.87 (P ¼ .17) for first course non-TMZ chemotherapy. Because treatment modalities were not modeled simultaneously in the same Cox model, the HRs did not take into account correlation among treatment modalities. The period effect (significantly improved survival over calendar time) did not meaningfully change when we sequentially added the non-TMZ treatment variables (surgery, radiotherapy, first course non-TMZ chemotherapy) to the model (Table 5 ). However, adding first course TMZ chemotherapy to the model containing the baseline covariates and all non-TMZ treatments eliminated the period effect entirely, with an HR for cases diagnosed in 2005 -2008 of 1.01 (95% CI, 0.86 -1.19), a period effect P-value of .60 and a p-trend of .84. Thus, first course TMZ chemotherapy completely accounted for the improved survival observed over calendar time.
For the restricted cohort of cases treated with resection and radiotherapy, the period effect when first course TMZ chemotherapy was not included in the model was more pronounced than for the full cohort. When we added first course TMZ chemotherapy to the model, the period effect was again entirely abolished ( Table 5) .
Results of alternative analyses (data not shown) were similar to the analyses presented in Table 5 . These analyses included omitting first course non-TMZ chemotherapy from the final model in Table 5 , including second course TMZ chemotherapy in the final model and second course non-TMZ chemotherapy in the final 2 models. Furthermore, in the full cohort, adding radiotherapy alone to the base model, without the surgery covariate, did not meaningfully alter the period effect, but when first course TMZ chemotherapy was then added to the model with radiotherapy, the period effect was abolished.
Discussion
In this national VHA population of GBM patients, we observed a statistically significant improvement in survival among cases diagnosed in 2005-2008 compared with cases diagnosed in 1997-2000, along with a significant trend of increasing survival over calendar time. Consistent with our hypothesis, we found this survival improvement to be completely explained by TMZ chemotherapy. Others have observed better survival among non-clinical trial 29 or population-based 30 patients treated after surgery with radiotherapy and TMZ compared with radiotherapy alone. However, to our knowledge, this is the first study to show that TMZ totally explained the improved survival that has occurred on a population level since the turn of the century. Although it is possible that a factor tightly correlated with TMZ use, and not TMZ itself, was responsible for the increased survival, it is not at all apparent what such a factor would be.
In relative terms, the survival improvement among VHA GBM cases diagnosed in 2005 -2008 compared with 1997 -2000 was similar to the survival improvement observed in the US general population of GBM cases. 9 -12 However, as we found, and as already reported by others, 31 the absolute survival among VHA cases was substantially worse, with a median survival of 6.4 months among VHA cases versus 9.7 months in the general GBM population (SEER) among cases diagnosed in 2005 -2008 . 10 This survival difference is unlikely to be due to VHA cases receiving inferior medical care, given that for other types of cancer, most studies have found quality of care 32, 33 and/or survival 32, 34, 35 to be the same as or superior in the VHA versus other facilities. Furthermore, the proportions of VHA cases receiving resection, 9 radiotherapy, 9 and TMZ chemotherapy 28 were comparable to the proportions receiving these treatments in the general population of GBM patients.
The disparity in GBM survival between VHA and general population patients was not the focus of the current study, but clearly warrants further research. Possible explanations include greater comorbidity and/or lower performance status among VHA cases. The percent of GBM cases with a Charlson comorbidity score ≥1 was 51% in the current VHA cohort compared with 30% in a sample of GBM cases from SEER. 28 Unfortunately, we did not have information on performance status, a known important prognostic factor for GBM. 29, 36, 37 Most cases in our cohort did not receive later course chemotherapy ( Table 2 ). This may have contributed to the survival disparity or may have been a result of later course chemotherapy not being clinically indicated due to high comorbidity and/ or low performance status.
We observed confounding toward the null of the period effect by age and Charlson comorbidity score. Thus, in the univariate analysis, the point estimate for the HR for 2005 -2008 compared with 1997 -2000 was 0.82 (Table 5 ). However, after adjusting for age and Charlson comorbidity score, the point estimate fell to 0.72 (Table 5) , reflecting both the decreasing proportion of younger patients (who are known to have better survival 9 -12 ) and the increasing proportion of patients with comorbidity over calendar time (Table 1) . Similarly, the Kaplan -Meier survival plots (Fig. 1 ) reflected a univariate examination of survival that did not take age or comorbidity into account. Thus, in the full cohort, the log-rank P-value was .0039, whereas the log-rank P-value stratified for age and Charlson comorbidity score was ,.0001 (Table 3) .
Our study had the strength of utilizing several sources of information from national VHA databases. First, the VACCR pathology text field allowed us to perform quality control on the ICD-O-3 morphology codes and thus refine the classification of cases as GBM. Second, using the national vital status database, we updated follow-up through September 2011. Third, linking the VACCR with other national VHA databases enabled us to include covariates not collected by VACCR (eg, serviceconnected disability, Charlson comorbidity score) and to construct a treatment history for each case that was substantially more complete than that contained in the VACCR database alone. Importantly, construction of the non-TMZ and TMZ chemotherapy treatment histories would not have been possible without the pharmacy database, which was the primary data source for these variables. Nevertheless, although we captured treatments received at non-VHA facilities paid for by the VHA, we most likely missed some treatment that took place in non-VHA facilities not paid for by the VHA.
We were unable to directly distinguish between first course chemotherapy and later course chemotherapy administered for recurrent disease because we were unable to determine date of recurrence. However, it is not likely that there was substantial misclassification of first course versus later course chemotherapy. For 83% of the subjects we classified as having received first course TMZ chemotherapy, the chemotherapy was initiated concomitant with first course radiotherapy, indicating that the TMZ was, indeed, first course. Furthermore, more than 90% of the subjects we classified as having received first course TMZ chemotherapy initiated chemotherapy within 16 weeks of diagnosis, as did 84% of subjects we classified as having received first course non-TMZ chemotherapy.
Our cohort was predominantly non-Hispanic White male, reflecting the preponderance of males in the overall VHA population and the higher GBM incidence rate in non-Hispanic Whites compared with non-Whites. 38 Veterans served by VHA tend to have substantial comorbidity, service-connected disabilities, and limited economic resources.
39, 40 Thus, GBM patients in the VHA may not be representative of GBM patients from the general US population.
In summary, we observed a survival improvement among GBM patients diagnosed in the national VHA system between 1997 and 2008 that was completely explained by TMZ chemotherapy. Similar studies in other populations are warranted to test the generalizability of our finding to other patient cohorts and health care settings.
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